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STRUCTURAL STEPS IN OXIDATION OF METAL SURFACES: (100) FACES OF 
Pd AND Ni 
W.-D. WANG, N. J. WU*, S.-L. CHANG** AND P. A. THIELt 
Ames Laboratory and Department of Chemistry, Iowa State 
University, Ames, Iowa 50011, U.S.A. 
Abstract We compare the structural transformations which take 
place during oxidation of Pd(lOO) and Ni(lOO) surfaces, and the 
ways in which these structural changes affect surface properties. 
The structural steps are characterized with low-energy electron 
diffraction, and the latter effects are measured using 
temperature programmed desorption and Auger electron 
spectroscopy. 
INTRODUCTION 
Chemisorption of oxygen on Pd(lOO) and Ni(lOO) surfaces proceeds very 
similarly at low coverages. In the limit of zero coverage, the oxygen 
sticking coefficient is on the order of unity between 80 and 300 K. 1•2 
On both metals, oxygen forms p(2x2) and c(2x2) structures, with ideal 
coverages of 0.25 and 0.50 monolayers, respectively.3•4•5 In all cases 
oxygen is thought to reside on or near the four-fold hollow sites of 
an unreconstructed metal. 1•6-10 At higher oxygen coverages, both 
metals tend to form the bulk monoxide, since its heat of formation is 
large and negative. 11 The heat of formation is more negative for NiO 
than for PdO by 163 kJjmol 11 , which reflects the common trend toward 
less stable oxides upon moving downward along any column of Group 
VIIIB of the Periodic Table. 11 
But do these and other metals form the bulk oxide directly? 
Often, the answer appears to be "no". For Ni(lOO) and Pd(lOO), an 
oxygen-rich surface, or near-surface, layer can form via lateral 
displacement of the metal atoms from their bulk-like positions 
("reconstruction"), but the epitaxial orientation of this layer is 
distinctly different from that of the bulk oxide. 1•4•12 These 
structures, apparently form under conditions where the bulk oxide is 
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kinetically inaccessible. That is to say, they are metastable with 
respect to the bulk oxide epitaxy. 
For Pd(lOO), two such oxygen-induced reconstructions have been 
reported. 4 These exhibit p(5x5) and (}5 x )5)R27" unit cells, with 
ideal coverages of 0.64 and 0.80 monolayers, respectively. 4 The 
oxygen adlayer is thought to remain at the surface, i.e. not to 
penetrate below the first layer of metal atoms in these structures. 4•12 
Although no structural determination has yet been made, these unit 
cells can be rationalized in terms of low-index planes of bulk PdO, 
with less than 2% lattice distortion required to achieve coincidence 
with the underlying Pd(lOO) substrate. 4 Adsorption temperatures of 
400 K and above are necessary for these structures to form. 4•12 At T ~ 
600 K, bulk PdO forms upon adsorption of oxygen, leading to a 
distinctively different diffraction pattern than either of the two 
fifth-order structures. 4 
The bulk oxide of Ni is more stable than that of Pd. 
Correspondingly, the oxide-like "skin" on Ni(lOO) forms at lower 
temperatures (as low as 80 K), and is two to three layers deep. 1 A 
diffraction pattern associated with the (111) orientation of Ni015•16 
is often observed at room temperature. 1•17-19 Recently, a (7x7) pattern 
has also been reported, and interpreted as a strained form of 
Ni0(100). 20 These structures are both metastable with respect to bulk 
NiO, which grows in the (100) orientation with little strain, but only 
at temperatures of 500 K or above. 1, 13, 17,18 
In this paper, we review and compare our results concerning these 
surface and near-surface, oxygen-induced structures. We find strong 
similarities in the ways in which they form, and in the ways in which 
they influence oxygen adsorption probability. The temperature-
dependence of the epitaxial orientation of NiO on Ni(lOO) also lends 
insight to the factors which may make structures such as these 
kinetically accessible. 13 
EXPERIMENTAL DESCRIPTION 
The experiments are all performed in a stainless-steel ultrahigh 
vacuum system, with a base pressure typically below 1 x 10-10 Torr. 
Details of sample preparation, cleaning, and characterization are 
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given elsewhere. 12•13 The data presented here are obtained via 
temperature-programmed desorption (TPD), Auger electron spectroscopy 
(AES), and low-energy-electron diffraction (LEED). We use a computer-
interfaced Video camera14 to monitor changes in the LEED patterns as a 
function of temperature and exposure. 
COVE&AGE-EXPOSQRE RE1ATIONSHIP 
It is well-established that the oxide-like "skin" on Ni(lOO) begins to 
form before the ideal coverage of the c(2x2) structure (0.50 
monolayers) is attained. Coverages of 0.35 to 0.45 monolayers are 
most often reported1•17"20 • It is also known that this is accompanied 
by an increase in the oxygen adsorption probability, at temperatures 
of 300 to 400 K. 1 We have monitored relative oxygen coverage as a 
function of exposure, during adsorption at 80 K to 400 K, by measuring 
the ratio of the oxygen (503 - 507 eV) to nickel (848 eV) Auger signal 
intensities. 13 The initial rapid oxygen uptake is invariably followed 
by a plateau (effectively, an induction period), then a second rapid 
uptake and a final plateau. A representative curve is shown in Fig. 
1, for an adsorption temperature of 350 K. The beginning of the 
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many authors in studies of this system. 1, 17•18 
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second region of rapid uptake, shown by an arrow in Fig. 1, signals 
the onset of formation of the oxide-like layer. 1 
We have used LEED to measure the intensities of the diffraction 
spots associated with the oxide-like layer as a function of exposure, 
in this same range of adsorption temperature. We find that the 
oxidation onset (measured with AES) correlates very well with the 
emergence of the associated superstructure pattern in LEED. This 
result is shown in Fig. 2, and lays to rest a previous assertion that 
the correlation between LEED and AES in this respect is poor. 1•17 
The oxygen coverage (measured from the area of the oxygen TPD 
trace) varies with exposure in a qualitatively similar way for 
Pd(l00). 12 That is, there is an initial rapid uptake, then a plateau, 
and then the sequence is repeated. 12 This occurs only if adsorption 
takes place at T ~ 400 K, however, which is also the condition for 
formation of the fifth-order superstructures. We find the p(5x5) 
pattern emerges at the same exposure as the first plateau in the 
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FIGURE 2 Threshold exposure for oxidation of Ni(lOO), as a 
function of surface temperature. The thresholds are measured from 
LEED intensity data (squares and triangles), and from AES data 
(circles) such as those of Fig. 1. The AES threshold is defined as 
the end of the first plateau in the coverage-exposure curve, as 
indicated by the arrow in Fig. 1. The solid line in Fig. 2 is drawn 
to guide the eye. 
STRUCTURAL STEPS IN OXIDATION OF METAL SURFACES 225 
coverage-exposure function ends, and that both of these events occur 
at a coverage of about 0.4 monolayers. 12 Like Ni(lOO), these 
(presumably) oxide-like structures form well below the ideal coverage 
of the c(2x2) adlayer. 
For both metals, it has been proposed that the shape of the 
coverage-exposure curve, with its "induction-period" plateau, reflects 
the fact that the oxide-like layer forms by nucleation from the c(2x2) 
adlayer. 1•12 Nucleation is difficult, which leads to the plateau. 
Once nucleation has begun, growth proceeds more rapidly, which leads 
to the second regime of rapid uptake. 
The length of the first plateau (in exposure) varies with 
temperature as shown in Fig. 2, for Ni(l00). 13 [We have not measured 
this function for Pd(lOO) above 400 K. 12 However, we expect that some 
function analogous to that of Fig. 2 would result, given the other 
many parallels between 0/Pd (100) and 0/Ni(lOO). The plateau is only 
observable above 400 K, for 0/Pd(lOO), since the oxide-like "skin" 
cannot form at lower temperature. 12 ] Holloway and Hudson have 
suggested that oxide growth depends upon diffusion of a (molecular) 
mobile precursor, whose lifetime diminishes as temperature increases, 
at all temperatures. 17 However, Brundle and Broughton have argued 
persuasively against this interpretation. Instead, they propose that 
the oxide nucleates preferentially at defects in the c(2x2) adlayer, 
and that these defects are less plentiful at high temperature. 1 For 
Pd(lOO), Chang and Thiel hypothesize that the p(SxS) reconstruction 
nucleates from domains of c(2x2) which must reach a critical size 
before the local structural conversion can occur. 12 This would also 
be consistent with a coverage-exposure plateau whose length increases 
with temperature, since the probability of forming large c(2x2) 
islands must decrease (due to disordering) as temperature increases. 
To our knowledge, there is no data presently available which can be 
used to decide which of these last two, distinctly different models is 
correct. In short, the physical origin of the "induction-period" 
plateau remains under discussion, but it appears to be a common 
feature in these two systems. Our work serves to unambiguously relate 
it to formation of the oxide-like surface layer for both metals. 12•13 
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KINETIC FACTORS CONTROLLING OXIDE EPITAXY 
We have quantitatively measured diffraction spot intensities during 
oxidation of Ni(lOO). We find that the maximum intensity achieved by 
a superstructure pattern depends strongly on the adsorption 
temperature, as shown by Fig. 3. The ring pattern, which corresponds 
to NiO(lll), reaches maximum intensity below room temperature, while 
the (7x7) pattern, which may represent a strained form of Ni0(100) 20 , 
reaches maximum intensity between 300 and 400 K. Finally, true 
NiO(lOO) forms above 500 K. This temperature-dependence may have 
contributed to conflict in the literature over which oxide epitaxy 
develops. Many previous studies have been at adsorption temperatures 
around 300 K, or nominally at "room temperature. "1•17•18 This is just 
the temperature where NiO(lll) and the (7x7) structure "cross over", 
and a slight difference in adsorption temperature (by as little as 10-
20 K) from the stated value can make a critical difference in the 
result. 13 
We propose that this temperature dependence carries implications 
for the mechanism of oxidation of Ni surfaces. 13 In order to explain 
this further, it is necessary to understand that NiO(lll) is a 
11 Ni0(111) pattern 
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FIGURE 3 Normalized maximum intensity of the 
associated with NiO(lll) and Ni0-(7x7) structures. 
pattern is measured at two different beam energies 
circles) which are then normalized. 
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nonpolar surface consisting of layers of nickel and oxygen atoms 
parallel to the surface. 21 This orientation is favored kinetically, 
since it forms preferentially by oxidation at low temperatures. The 
NiO(lOO) surface, however, is a more polar oxide in which each layer 
is a mixture of nickel and oxygen atoms. This is the more 
thermodynamically-stable form of the oxide, since it forms 
irreversibly when the sample is heated. 
The layered NiO(lll) can form when oxygen "slips between" layers 
of metallic nickel, accompanied by rearrangement of the nickel atoms 
within these layers. However, most of the Ni-Ni bonds within the 
metallic layers need not break completely as this oxide forms; the 
integrity of each layer of Ni atoms can remain somewhat intact as the 
process occurs. The density of Ni within each layer must decrease by 
17% as the metal transforms to the oxide, 21 but perhaps this density 
change is accomplished by formation of domain boundaries and steps at 
the surface. By contrast, the (100) face of NiO can only form ifNi 
atoms move into adjacent layers, forming sheets of Ni atoms which are 
not parallel to the metal substrate. We propose that this leads to a 
higher activation barrier for formation of the (100) oxide than for 
the (111) oxide. 
It is quite interesting to compare these results with those of 
other authors. The ion shadowing and blocking measurements of 
Frenken, van der Veen, and coworkers22•23 , show that adsorption of 
oxygen on Ni(lOO) induces outward relaxation of the topmost Ni layer 
as shown in Fig. 4, accompanied by a substantial weakening of the 
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FIGURE 4 Schematic representation of changes in Ni-Ni 
interlayers spacings (d) which occur as oxidation proceeds on Ni(lOO). 
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force constants between first- and second-layer Ni atoms. Although 
the clean surface spacing is contracted by 0.06 A, relative to the 
bulk interlayer separation (1.76 A), the p(2x2) oxygen layer induces 
an expansion by 0.04 A, and the c(2x2) leads to an even larger 
expansion of 0.09 A. The separation between adjacent Ni planes in 
NiO(lll) is 2.41 A, or 0.65 A larger than the bulk value. Clearly, 
the outward expansion induced by simple chemisorption is much smaller 
than that required for oxidation, but it is nonetheless a step in the 
direction leading to NiO(lll). In fact, Frenken, van der Veen, and 
coworkers speculate that the chemisorption-induced expansion might be 
a necessary precursor to surface oxidation22•23 . The scenario which we 
propose is illustrated in Fig. 4. 
Christensen, et al. 24 , describe the effect of oxidation 
temperature on oxide epitaxy between 290 and 770 K, starting from 
metallic Ni(lll). They find that NiO(lll) forms exclusively up to 
adsorption temperatures of 470 K, but that NiO(lOO) tends to form 
irreversibly at temperatures above 470 K, again indicating that the 
latter is the thermodynamically-favored form of the oxide. Indeed, 
theoretical calculations demonstrate that the (100) face of NiO is 
thermodynamically most stable. 25 •26 Thus, the results of Christensen, 
et al. parallel ours. In both cases, NiO(lll) is the kinetically-
favored epitaxial orientation, whereas NiO(lOO) is thermodynamically-
favored. 
The comparison between the metallic Ni(lll) and (100) faces, as 
starting points for oxidation, is an important one. This is because 
Christensen, et al. previously suggested that the greater ease of 
formation of NiO(lll), relative to NiO(lOO), is due entirely to the 
better symmetry match between oxide and metal. (Both oxide and metal 
are of hexagonal symmetry in this case.) However, we find analogous 
results starting from the (100) face of the metal. Therefore, we 
propose that symmetry is unimportant. Rather, the controlling factor 
is the energy barrier to formation of a layered (nonpolar) oxide 
epitaxy, relative to the energy barrier for a more polar oxide 
epitaxy. 13 
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We have compared the formation of surface and near-surface, 
metastable, oxide-like layers on Pd(lOO) and Ni(lOO). Whereas 
differences exist - the oxide-like "skin" is thinner on Pd, and the 
activation barrier to its formation is higher, - there are also 
similarities. In both cases, the oxygen-rich layer appears to form by 
a nucleation mechanism, specifically, by nucleation from the c(2x2) 
adlayer. The "induction period" which precedes nucleation during 
exposure to oxygen generates a plateau in the coverage-exposure 
relationship whose length increases with surface temperature. 
According to one model, nucleation occurs at defects in the c(2x2) 
adlayer1, whose density decreases with increasing temperature; in an 
alternative model, nucleation occurs when c(2x2) domains reach a 
critical size12 , and the probability of reaching that critical size 
diminishes as temperature increases. At present, there is no data 
available to judge the relative merits of these two models. 
We have also found that between 80 and 400 K, the development of 
LEED patterns associated with NiO is very temperature-dependent. The 
formation of NiO(lll) is favored by adsorption temperatures below 300 
K, whereas a (7x7) structure is favored by adsorption temperatures of 
300 to 400 K. Room temperature is a "crossover" point between these 
two forms of the oxide. We suggest that the low-temperature epitaxy 
is kinetically favored because it consists of nickel and oxygen atoms 
in sheets parallel to the substrate. 
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